A defect in O-mannosyl glycan is the cause of ␣-dystroglycanopathy, a group of congenital muscular dystrophies caused by aberrant ␣-dystroglycan (␣-DG) glycosylation. Recently, the entire structure of O-mannosyl glycan, [3GlcA␤1-3Xyl␣1] n -3GlcA␤1-4Xyl-Rbo5P-1Rbo5P-3GalNAc␤1-3GlcNAc␤1-4 (phospho-6)Man␣1-, which is required for the binding of ␣-DG to extracellular matrix ligands, has been proposed. However, the linkage of the first Xyl residue to ribitol 5-phosphate (Rbo5P) is not clear. TMEM5 is a gene product responsible for ␣-dystroglycanopathy and was reported as a potential enzyme involved in this linkage formation, although the experimental evidence is still incomplete. Here, we report that TMEM5 is a xylosyltransferase that forms the Xyl␤1-4Rbo5P linkage on O-mannosyl glycan. The anomeric configuration and linkage position of the product (␤1,4 linkage) was determined by NMR analysis. The introduction of two missense mutations in TMEM5 found in ␣-dystroglycanopathy patients impaired xylosyltransferase activity. Furthermore, the disruption of the TMEM5 gene by CRISPR/Cas9 abrogated the elongation of the (-3GlcA␤1-3Xyl␣1-) unit on O-mannosyl glycan. Based on these results, we concluded that TMEM5 acts as a UDP-D-xylose:ribitol-5-phosphate ␤1,4-xylosyltransferase in the biosynthetic pathway of O-mannosyl glycan.
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3Xyl␣1-) repeat is formed by the action of LARGE, which has both GlcA transferase activity and Xyl transferase activity (9) . The biosynthetic pathway of O-mannosyl glycan is initiated by the transfer of mannose to Ser or Thr via POMT1/POMT2 in the endoplasmic reticulum (8) . Subsequently, the phosphocore M3 unit (GalNAc␤1-3GlcNAc␤1-4(phospho-6)Man-) is formed by GTDC2, B3GALNT2, and SGK196 in the endoplasmic reticulum (10) , and the first and second Rbo5P are then transferred by fukutin and FKRP, respectively, in the Golgi (13) . Then, a GlcA/Xyl unit is formed to serve as a primer for the (-3GlcA␤1-3Xyl␣1-) repeat. The first GlcA/Xyl unit is not formed by the action of LARGE (11, 12) . Defects in this biosynthetic pathway seem to result in the loss of laminin binding and cause ␣-dystroglycanopathy. Recently, the GlcA in this unit was shown to be formed via a ␤1,4 linkage to Xyl by the action of B4GAT1 (11, 12) . However, how the Xyl is linked to the tandem Rbo5P structure and the identity of the xylosyltransferase that forms this linkage remain unclear.
TMEM5 was thought to be a candidate enzyme involved in the LARGE-independent synthesis of the GlcA/Xyl unit, because the (-3GlcA␤1-3Xyl␣1-) repeat was absent in ␣-dystroglycanopathy patients with a mutation in the TMEM5 gene (16) . TMEM5 was one of the proteins of uncertain function among the gene products responsible for ␣-dystroglycanopathy (16, 17) . The latest report suggested that TMEM5 was a potential xylosyltransferase (15) . However, there was no direct evidence that the Xyl was transferred to Rbo5P, and hence, the role of TMEM5 activity in glycan biosynthesis is still not fully characterized.
In the present study, we determined the enzymatic activity of TMEM5 and examined the effect of the mutations found in ␣-dystroglycanopathy patients on TMEM5 enzyme activity. The effect of CRISPR/Cas9-mediated TMEM5 gene deletion on core M3 processing was also analyzed. Finally, we proposed the complete glycan structure of functional ␣-DG.
Results
TMEM5 Is a Xylosyltransferase-To address the possibility that TMEM5 acts as a xylose transferase to form Xyl-Rbo5P, we prepared a soluble form of TMEM5 (sTMEM5) and examined its activity using a potential glycopeptide substrate that contained the full glycan structure of FKRP products, based on our previous report ( Fig. 1) (13) . Additionally, because the FKTN product has a Rbo5P residue on the non-reducing terminal of core M3 ( Fig. 1 ), we also examined whether the FKTN product served as an acceptor substrate for TMEM5. sTMEM5 was expressed in HEK293T cells and immunoprecipitated with anti-c-Myc antibody-agarose. Immunoprecipitated sTMEM5 was detected at the appropriate molecular mass (55 kDa) by Western blotting ( Fig. 2A) . The FKRP or FKTN product was incubated with sTMEM5 and UDP-Xyl and separated by HPLC. However, the reaction product and/or unreacted substrate eluted as single peaks in all cases ( Fig. 2B ): the FKRP product peak eluted at 19.6 min with or without sTMEM5, and the FKTN product peak eluted at 19.9 min with sTMEM5. Because it is impossible to follow the enzyme reaction under these conditions, we decided to use UDP-[ 14 C]Xyl as a donor substrate to examine whether Xyl was transferred to the accep- tor substrates. We detected significant incorporation of radioactivity into the acceptor substrate only when sTMEM5 was reacted with the FKRP product but not with the FKTN product ( Fig. 2C ). MS analysis revealed that the TMEM5 product (m/z 2343.2, Fig. 2E ) was increased by 132.1 Da (which corresponds to a Xyl residue) compared with the FKRP product (m/z 2211.1, Fig. 2D ). These results showed that TMEM5 might recognize the second Rbo5P on the FKRP product as an acceptor substrate, but not the Rbo5P in the FKTN product. In addition, the MS data of the TMEM5 product ( Fig. 2E ) showed that the Xyl residue was quantitatively transferred to the acceptor substrate, and this fraction was subjected to NMR analysis.
NMR Analysis of the TMEM5 Product-We performed a detailed NMR analysis to determine the structure of the TMEM5 product. 1 H, 13 C, and 31 P assignments of the TMEM5 product were obtained through a series of one-and two-dimensional NMR measurements, including one-dimensional 31 P, two-dimensional 1 H-13 C heteronuclear single quantum correlation (HSQC), and two-dimensional 1 H-31 P heteronuclear multiple-bond correlation (HMBC). The assignments of the TMEM5 product and its substrate (FKRP product) are summarized in Table 1 . Then, we compared the NMR spectra of the TMEM5 product with those of the substrate (Fig. 3 ). Significant chemical shift differences were observed for the second ribitol After a 12-h reaction at 37°C, the substrate and product were separated by HPLC, and the UV absorbance was detected at 215 nm (B); the [ 14 C]Xyl-labeled product was detected via liquid scintillation counting (C). D and E, the MALDI-TOF MS spectra of the TMEM5 substrate (D) and its product (E) were prepared by the nonradioactive reaction (37°C for 12 h). F, function of the TMEM5 mutant proteins. After a 12-h reaction at 37°C, the substrate and product were separated by HPLC, and the [ 14 C]Xyl-labeled product was detected.
(RboЈ) signals but not for the other signals, suggesting that Xyl is attached to the RboЈ residue. In particular, RboЈ C4 showed a large 13 C downfield shift (8 ppm). Additionally, an inter-residue NOE was observed between Xyl H1 and RboЈ H4 ( Fig. 4 ). Thus, we concluded that Xyl is linked to the C4 position of RboЈ. The anomericity of the Xyl residue was examined by the scalar coupling constants. 3 J(H1,H2) and 1 J(C1,H1) of the Xyl residue were 8.7 and 163 Hz, respectively ( Fig. 5 ), clearly indicating a ␤-linkage. Therefore, TMEM5 is an enzyme that transfers Xyl from UDP-Xyl to the C4 position of the second RboЈ of the core M3 glycan via a ␤-linkage.
Effect of Mutations Found in ␣-Dystroglycanopathy Patients on TMEM5 Activity-Several mutations in the TMEM5 gene have been identified in ␣-dystroglycanopathy patients (16, 18) . We examined the effects of two missense mutations, Y339C and R340L, on TMEM5 activity. The Tyr 339 and Arg 340 residues are located in the exostosin domain (putative catalytic domain) of TMEM5 (16) . We prepared soluble forms of these TMEM5 mutants, which we immunoprecipitated using the same method as for the wild-type protein ( Fig. 2A ). These mutants were incubated with the FKRP product and UDP-[ 14 C]Xyl and subjected to HPLC. Although the expression levels of the two mutant proteins were slightly reduced compared with the wildtype protein, determined by Western blotting analysis ( Fig. 2A) , the incorporation of radioactivity into the FKRP product was completely absent in both mutants (Fig. 2F ). The results indicated that these missense mutations disrupted TMEM5 xylosyltransferase activity.
Inhibition of GlcA/Xyl Repeat Biosynthesis in TMEM5-CRISPR Cells-We also generated TMEM5-deficient HAP1 cells using the CRISPR/Cas9 system and examined whether the Xyl␤1-4Rbo5P structure was disrupted. To this end, we expressed recombinant DG/Fc fusion protein (DGFc) in the TMEM5-deficient cells and then analyzed the sugar chain structure by MS, as previously reported (13) . We confirmed the disruption of the functional glycosylation of ␣-DG by Western blotting analysis using the IIH6 antibody, which recognizes the (-3GlcA␤1-3Xyl␣1-) repeat synthesized by LARGE ( Fig.  6A) . Rescue experiments confirmed that the abnormal glycosylation of ␣-DG was caused by the disruption of TMEM5. When DGFc was expressed in normal HAP1 cells, glycopeptides modified with tandem Rbo5P structures, an additional GlcA␤1-4Xyl, and 3GlcA␤1-3Xyl␣1 units were mainly eluted from an ion exchange column with 0.5 M ammonium acetate (13) (Fig. 6D ). In the case of the TMEM5-deficient HAP1 cells, several signals were assigned to glycopeptides containing tandem Rbo5P structure; however, no signals were assigned to glycopeptides containing the additional Xyl moiety (Fig. 6 , B and C). These data confirmed that TMEM5 synthesizes the Xyl␤1-4Rbo5P linkage in the ␣-DG sugar chain and that the absence of this structure results in the lack of functional glycan.
The TMEM5 Product Acts as an Acceptor Substrate for B4GAT1-Previously, the formation of a GlcA/Xyl unit was reported to serve as a primer for the (-3GlcA␤1-3Xyl␣1-) repeat, with the GlcA residue being transferred by B4GAT1 ( Fig. 1) (11, 12) . Because our data indicate that TMEM5 forms the Xyl␤1-4Rbo5P linkage, we examined whether the TMEM5 product served as an acceptor for B4GAT1 or LARGE. Immunoprecipitated soluble B4GAT1 (sB4GAT1) and soluble LARGE (sLARGE) migrated at the appropriate molecular weights on SDS-PAGE gels, and the expression levels of these two proteins were comparable in Western blots (Fig. 7A ). The TMEM5 product and UDP-[ 14 C]GlcA were incubated with sB4GAT1 or sLARGE and subjected to HPLC (Fig. 7B ). Radioactivity was incorporated into the TMEM5 product only in the reaction with sB4GAT1, but not in the reaction with sLARGE ( Fig. 7C ). The sLARGE activity was confirmed using p-nitrophenyl-␣-Xyl as an acceptor substrate (Fig. 7, D and E) . This result verified that the Xyl residue transferred by TMEM5 acts as an acceptor for B4GAT1.
Discussion
In the present study, we determined that the TMEM5 enzyme is a UDP-D-xylose:ribitol-5-phosphate ␤1,4-xylosyl-transferase; our data offer the last piece of the biosynthetic pathway of functional ␣-DG glycan.
TMEM5 is one of the gene products responsible for ␣-dystroglycanopathy (16, 17) and was thought to be a candidate enzyme involved in the synthesis of the LARGE-independent GlcA/Xyl unit (16) . Recent work revealed TMEM5 as a potential xylosyltransferase that was responsible for transferring Xyl to Rbo5P (15) . The observation that CDP-Rbo functioned as an acceptor substrate suggested that TMEM5 requires a phosphodiester-linked Rbo (15) . However, there was no direct evidence showing that the Xyl was transferred to Rbo5P in the core TMEM5 Is a ␤1,4-Xylosyltransferase M3 glycan. Therefore, we sought to elucidate the role of TMEM5 in ␣-DG glycan biosynthesis (Fig. 1) .
We first prepared a glycopeptide substrate that contains the full glycan structure of the FKRP product (13) to examine whether TMEM5 transfers Xyl to Rbo5P of the FKRP product. As shown in Fig. 2 , C and D, TMEM5 transferred Xyl to the FKRP product but not to the FKTN product. Next, we determined the position, anomeric configuration, and glycosidic linkage of the transferred Xyl residue in the TMEM5 product by NMR ( Figs. 3-5 ) and found that TMEM5 attaches ␤-Xyl to the C4 position of the second RboЈ in the tandem Rbo5P structure. The C4 position of the second RboЈ is chemically close to the phosphodiester linkage connecting the first Rbo and second RboЈ. Experimental evidence showed that TMEM5 did not add a significant amount of Xyl to the mono-Rbo found in the FKTN product. Thus, TMEM5 likely requires a tandem Rbo5P structure, at least in part, for efficient Xyl addition. Based on these results, we concluded that TMEM5 is a UDP-D-xylose: ribitol-5-phosphate ␤1,4-xylosyltransferase, and the complete structure of core M3 is proposed (Fig. 1) .
TMEM5 is similar to exostosin (EXT1), a glycosyltransferase that participates in heparan sulfate proteoglycan synthesis (16) . TMEM5 is a type II membrane protein, and the extracellular domain (amino acids 31-443) contains an exostosin domain (amino acids 213-353), which is a putative catalytic domain. Several missense frameshift mutations in the TMEM5 gene have been detected in ␣-dystroglycanopathy patients, and these mutations are located around the exostosin domain (16, 18) . We found that two missense mutations, Y339C and R340L, abolished TMEM5 activity (Fig. 2F ). This result suggests that these mutations disrupt the function of the catalytic domain and abolish the generation of the (-3GlcA␤1-3Xyl␣1-) repeat. The absence of the (-3GlcA␤1-3Xyl␣1-) repeat in TMEM5deficient HAP1 cells suggests the lack of an alternative pathway 13 C HSQC spectrum of the TMEM5 product (anomeric region) with 13 C-decoupling during acquisition (shown in "black") and two-dimensional 1 H-13 C HSQC spectrum of the TMEM5 product (anomeric region) without 13 C-decoupling (shown in "red"). The NMR spectra were collected at 298 K. The final digital resolution in the 1 H dimension was set to 4.9 Hz/point for the 13 C-decoupled 1 H-13 C HSQC spectrum (black) and to 1.2 Hz/point for 13 to compensate for TMEM5 function in core M3 glycan processing.
As shown Fig. 7 , we confirmed that the TMEM5 product served as an acceptor substrate for B4GAT1. B4GAT1 has been reported to prefer ␤-linked Xyl over ␣-linked Xyl (12). This observation is consistent with our finding that the Xyl is linked to the second RboЈ on the TMEM5 product via a ␤-linkage. Although B4GAT1 clearly recognizes at least ␤1,4-linked Xyl, further experiments are needed to characterize the substrate specificity of B4GAT1, such as determining the importance of the linkage and necessity of Rbo5P. On the other hand, LARGE did not transfer GlcA to the ␤1,4-linked Xyl residue on the TMEM5 product. This result is consistent with the finding that the glucuronosyltransferase activity of LARGE is specific to ␣-linked Xyl and not to ␤-linked Xyl (9) . Therefore, formation of the GlcA␤1-4 linkage by B4GAT1 is required for LARGE action. The (-3GlcA␤1-3Xyl␣1-) repeat generated by LARGE is also known to require an additional GlcA/Xyl unit. Our data revealed this unit to be GlcA␤1-4Xyl␤1-4Rbo5P. Interestingly, core M3 uses two types of GlcA/Xyl units, GlcA␤1-3Xyl␣1-3 and GlcA␤1-4Xyl␤1-4, to form functional glycans. Furthermore, the (-3GlcA␤1-3Xyl␣1-) repeat, which is synthesized by LARGE, is composed of ␣-Xyl. The different Xyl linkages produced by TMEM5 and LARGE might be important for the stepby-step construction of O-mannosyl glycan.
Here, we have identified the enzymatic function of TMEM5, which produces a Xyl␤1-4Rbo5P. We believe that TMEM5 synthesizes this structure on the core M3 of ␣-DG but may possibly act on other glycans and/or other proteins. The (-3GlcA␤1-3Xyl␣1-) repeat generated by LARGE resembles glycosaminoglycan chains (heparan sulfate, chondroitin sulfate, etc.), whichconsistofrepeatingdisaccharidesaresynthesizedbycopolymerases with dual glycosyltransferase activities. It is important to survey other proteins for TMEM5 activity to elucidate the function of the (-3GlcA␤1-3Xyl␣1-) repeat and laminin binding.
Experimental Procedures
Plasmid Construction-The cDNA encoding human TMEM5 was cloned from HEK293 cells by RT-PCR using primers TMEM5F (TAGGGATCCGCCGCCACCATGGAGGCCGG-GCCGCCGGGCAGCGCCAG) and TMEM5R (AGATCTAG-ATGCTATCAGAAGCTGACCAATGAGTCCAG). The PCR product was inserted into BamHI and XbaI sites of the pEF1V5/ His vector. To generate sTMEM5, the cDNA encoding Arg 31 to the C-terminal stop codon was amplified using primers recT-MEM5 (TATGAATTCACGCCGCCGCCAGGCGCCGGCC-GGGT) and recTMEM5R (AGACTCGAGTTAACTTTTAT-TATTCATTAAAAATGAGCTTTCTAA). The PCR product encoding sTMEM5 was digested with EcoRI/XbaI and inserted into the EcoRI and XbaI sites of ss2-His/Myc-pcDNA3.1.
Missense mutations (16) were generated by site-directed mutagenesis using a two-sided splicing method involving overlapping extension. The ss2-His/Myc-TMEM5-pcDNA3.1 plasmid was used as the template. The following primer pairs were used for the first PCR: p.Y339C (Y3339C.F (CGGAGTAAA- 
CACAGAATGCTGTCGAATCTATGAGGCTTGCTC) and
BGHpA (CTAGAAGGCACAGTCGAGGC)) and (T7 (TAAT-ACGACTCACTATAGG), and Y3339C.R (GAGCAAGCC-TCATAGATTCGACAGCATTCTGTGTTTACTCCG)), and p.R340L (R340L.F (GAGTAAACACAGAATGCTATCTTAT-CTATGAGGCTTGCTCCTATG) and BGHpA) and (T7 and R340L.R (CATAGGAGCAAGCCTCATAGATAAGATAGC-ATTCTGTGTTTACTC)). The PCR products for each mutant were mixed, extended, and amplified using the T7 and BGHpA primer pair. The second PCR products were digested with EcoRI/XbaI and then inserted into the EcoRI and XbaI sites of ss2-His/Myc-pcDNA3.1.
The cDNA encoding human B4GAT1 was cloned by RT-PCR from human brain total RNA (Clontech) using primers iGnT1f (CCGGAATTCGCCGCCACCATGCAGATGTCCT-ACGCCATCCGGTGC) and iGnT1r (GCCTCTAGAGCAG-CGTCGGGGAGAGTTGGGGTACTTG). The PCR product was inserted into the EcoRI and XbaI sites of the pcDNA3.1 Myc/His vector. The sB4GAT1 was generated by PCR amplification of the cDNA encoding Gly 35 to the C-terminal stop using primers recB3GNT1F (TATGAATTCAGGACTGCACGGG-CAGGAGGAGCAAGACCAA) and recB3GNT1R (AGACTC-GAGTCAGCAGCGTCGGGGAGAGTTGGGGTACTT). The PCR product encoding sB4GNT1 was digested with EcoRI/ XhoI and inserted into the EcoRI and XbaI sites of ss1-His/ Myc-pcDNA3.1. The cDNA encoding human LARGE and the sLARGE expression vector were described previously (13) .
Preparation and Analysis of the Cells with CRISPR/Cas9 Genome Editing-The CRISPR/Cas9 targeting sequence for TMEM5 was GAAGAATGGAATCCTTGGGA. The oligonucleotide was inserted into the Cas9 Smart Nuclease All-in-One vector (System Biosciences, Mountain View, CA) with an additional 8-base sequence at the 5Ј end. The vector was transfected into HAP1 cells (Haplogen, Vienna, Austria). IIH6-negative cells were sorted by fluorescence-activated cell sorting (FACS; MoFlo, Beckman Coulter, Brea, CA). HAP1 cells were cultured in Iscove's modified Dulbecco's medium (IMDM, Wako Pure Chemical Industries) supplemented with 10% FBS and penicillin/streptomycin. Each cell clone was verified for IIH6 reactivity by Western blotting and DNA sequencing. The mutation comprised a 1-bp insertion that introduced a frameshift. For the rescue experiments, TMEM5-V5 was expressed in TMEM5deficient HAP1 cells. Normal, TMEM5-deficient, and TMEM5rescued HAP1 cells were solubilized with 1% Triton X-100 in Tris-buffered saline (TBS; 50 mM Tris-HCl, pH 7.4, and 150 mM NaCl) containing a protease inhibitor mixture (Nacalai Tesque, TMEM5 Is a ␤1,4-Xylosyltransferase NOVEMBER 18, 2016 • VOLUME 291 • NUMBER 47
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Kyoto, Japan). Protein concentrations were determined using Lowry's method, and then equal amounts of protein were incubated with wheat germ agglutinin beads (Vector Laboratories) or anti-V5 beads (Medical and Biological Laboratories, Nagoya, Japan) to prepare DG or TMEM5, respectively. The bound materials were eluted with Laemmli sample buffer and analyzed by Western blotting. The following antibodies were used for Western blotting: mouse monoclonal IIH6 against glycosylated ␣-DG (Merck Millipore, Darmstadt, Germany), a rat monoclonal antibody against the ␣-DG core protein (3D7) (19) , and a mouse monoclonal antibody against the V5 tag (Nacalai Tesque). Preparation and MS analysis of DGFc were performed as described previously (13) .
Preparation of Enzyme Sources-The expression plasmids were transfected into HEK293T cells with Lipofectamine 3000 (Life Technologies Japan, Tokyo, Japan). Recombinant proteins were immunoprecipitated from 1 ml of culture supernatant using 10 l of anti-c-Myc antibody-agarose (rabbit polyclonal, Sigma). The protein-bound agaroses were used as the enzyme sources. Samples (2.5 l of agarose) were separated by SDS-PAGE (10% gel), and the proteins were transferred to PVDF membranes. The membranes were blocked with 5% skim milk in 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , and 0.05% Tween 20 (PBS-T), incubated with anti-c-Myc polyclonal antibody (A-14-goat, Santa Cruz Biotechnology, Dallas, TX) in 5% skim milk PBS-T, and treated with horseradish peroxidase-conjugated anti-goat IgG (GE Healthcare, Buckinghamshire, England) in 5% skim milk PBS-T. Proteins that bound to the antibody were visualized with an ECL kit (GE Healthcare).
Preparation of the Substrates for the Glycosyltransferase Assay-A series of glycopeptides were used as native-like substrates for the glycosyltransferase assay ( Fig. 1) and synthesized from the mannosyl peptide (Ac-AT(Man)PAPVAAIGPK-NH 2 ; Man-peptide) using GTDC2, B3GALNT2, SGK196, fukutin, and FKRP as described previously (13) . Briefly, the Man-peptide was generated by solid-phase synthesis using N-(9-fluorenyl)methyoxycarbonyl (Fmoc) chemistry (13) . The peptide sequence corresponds to the amino acid sequence of mouse ␣-DG (Ala 314 -Pro 324 ) and replaces the Thr residues at the potential O-GlcNAc glycosylation sites with Ala. The recombinant sGTDC2, sB3GALNT2, sSGK196, sfukutin, sFKRP, and sTMEM5 proteins were expressed in HEK293T cells and immunoprecipitated from the culture supernatants with the anti-c-Myc antibody-agarose (Sigma). The protein-bound agaroses were used as the enzyme sources. The enzyme reactions were performed in a 400-l reaction volume at 37°C for 16 h using the following buffer conditions: sGTDC2, sB3GALNT2, sfukutin, sFKRP, and sTMEM5, 100 mM MES (pH 6.5), 2.5-5 mM donor substrate, 0.2-2 mM acceptor peptide, 10 mM MnCl 2 , 10 mM MgCl 2 , 0.5% Triton X-100, and 200 l of enzyme-bound agarose; sSGK196, 100 mM sodium acetate (pH 5.5), 5 mM ATP, 1 mM sB3GALNT2 product, 0.5% Triton X-100, and 200 l of sSGK196-bound agarose. Each donor substrate was obtained as follows: UDP-GlcNAc and UDP-GalNAc were purchased from TOYOBO (Osaka, Japan), ATP was purchased from Sigma, CDP-Rbo was synthesized as described previously (13) , and UDP-Xyl was obtained from the Complex Carbohydrate Research Center at the University of Georgia. Each product was separated by reverse-phase HPLC with a Mightysil RP-18GP Aqua column (10 ϫ 250 mm) (KANTO CHEMICAL, Tokyo, Japan). Solvent A was 0.1% TFA in distilled water, and solvent B was 0.1% TFA in acetonitrile. Peptides were eluted at a flow rate of 3 ml/min using a linear gradient of 0 -40% solvent B. Peptide separation was monitored by determining the absorbance at 214 nm. Each product was used as an acceptor substrate. The TMEM5 product was analyzed by MS and NMR.
Glycosyltransferase Assay-sTMEM5, the sTMEM5 mutants, sB4GAT1, or sLARGE were expressed and immunoprecipitated with the anti-c-Myc antibody-agarose conjugate. The protein-bound agaroses were used as the enzyme sources. The enzymatic reactions were performed in a 20-l reaction volume containing 100 mM MES (pH 6.5), 1 mM 14 C-labeled donor substrate (75,000 dpm/nmol), 0.1 mM acceptor peptide, 10 mM MnCl 2 , 10 mM MgCl 2 , 0.5% Triton X-100, and 5 l of the enzyme-bound agarose at 37°C for 1-12 h. p-Nitrophenyl-␣-Xyl (1 mM, Sigma) was also used as an acceptor for sLARGE activity. Donor substrates were purchased from the following sources: UDP-[ 14 C]Xyl, PerkinElmer Life Sciences, Waltham, MA; UDP-[ 14 C]GlcA ([ 14 C]glucuronyl), American Radiolabeled Chemicals, Saint Louis, MO; and UDP-GlcA (TOYOBO). Each product was separated with a Mightysil RP-18GP Aqua column (5 ϫ 250 mm) (KANTO CHEMICAL). Solvent A was 0.1% TFA in distilled water, and solvent B was 0.1% TFA in acetonitrile. Peptides were eluted at a flow rate of 1 ml/min using a linear gradient of 0 -40% solvent B. Peptide separation was monitored by determining the absorbance at 214 nm, and the radioactivity of each fraction (1 ml) was measured with a liquid scintillation counter.
Mass Spectrometry-Matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) MS was used to elucidate the glycopeptide structures. MALDI linear TOF measurements were carried out on a Voyager DE Pro MALDI TOF mass spectrometer equipped with a nitrogen pulsed laser (337 nm) (Applied Biosystems, Foster City, CA). Typically, 0.1-1 pmol of the glycopeptide samples was dissolved in a 1-l solution of 10 mg/ml of 2,5-dihydroxybenzoic acid in 0.1% TFA and 30% acetonitrile on a MALDI sample target and dried. The measurements were carried out in positive ion mode.
NMR Analysis-NMR spectra were recorded with 500 and 600 MHz NMR spectrometers (BrukerBioSpin) equipped with a 5-mm TXI cryogenic probe and a BBO probe, respectively. The probe temperature was set to 25 or 6°C. The sample was dissolved in D 2 O (99.99 atom % D), and the sample concentration was 0.25 mM for the TMEM5 substrate and 0.33 mM for the TMEM5 product. 1 H chemical shifts were reported relative to the external standard 4,4-dimethyl-4-silapentane-1-sulfonic acid. The 13 C and 31 P chemical shifts were calibrated using an indirect reference based on the X/ 1 H resonance ratios of 0.251449530 ( 13 C/ 1 H) and 0.404808636 ( 31 P/ 1 H). NMR signals were assigned by a series of one-and two-dimensional measurements, including one-dimensional 1 H, one-dimensional 31 P, one-dimensional selective nuclear Overhauser effect spectroscopy (NOESY), two-dimensional 1 H-13 C HSQC, two-dimensional 1 H-13 C HSQC-total correlation spectroscopy (TOCSY), and two-dimensional 1 H-31 P HMBC spectra. The 3 J HH and 1 J CH coupling constants of the Xyl anomeric signal were obtained from one-dimensional 1 H and two-dimensional 13 Ccoupled 1 H-13 C HSQC spectra, respectively. To estimate the coupling constants, the final digital resolution in the 1 H-dimension was set to 4.9 Hz/point for the 13 C-decoupled HSQC spectrum and 1.2 Hz/point for the 13 C-coupled HSQC spectrum. The NMR data were processed with XWIN-NMR (version 3.5) or TopSpin (version 2.1), and the spectra were displayed using XWIN-PLOT (version 3.5).
